Introduction
Parkinson's disease (PD) is a disorder of motor control with the main symptoms akinesia, tremor, and rigidity. These symptoms are primarily caused by a dopamine (DA) deficit in the putamen and caudate nucleus that in turn is caused by dysfunction and neurodegeneration of the dopaminergic neurons in the substantia nigra (Gerlach and Riederer, 1996) . The underlying causes of the neurodegeneration are only partly understood. Etiological models assuming an interaction of environmental and genetic factors have been widely discussed (Checkoway et al., 1998; McNaught et al., 1998; Mizuno et al., 1998; Jenner, 1998; Feldman and Ratner, 1999) . Mutations in the ␣-synuclein gene and the parkin gene can induce familial parkinsonism (Polymeropoulos et al., 1997; Kitada et al., 1998) , but they obviously do not explain the majority of PD cases. The identification of other risk genes in humans has remained controversial (Nicholl et al., 1999; Tan et al., 2000) .
Valuable insights into the processes that lead to the dysfunction and neurodegeneration of the nigrostriatal system have been derived from studying the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in laboratory animals (Przedborski et al., 2000) . MPTP reproduces virtually all symptoms of PD in various animals, including mice (Gerlach and Riederer, 1996) . When applied systemically, it passes the blood-brain barrier and is converted by monoamine oxidase B (MAO-B) to the active toxin 1-methyl-4-phenylpyridine (MPP ϩ ), which is transported via the membrane dopamine transporter (DAT) into dopaminergic cells, where it evokes a cascade of events finally leading to apoptosis or necrosis (Gerlach and Riederer, 1996; Przedborski et al., 2000) . There is evidence that the action of MPTP can be influenced by genetic background because the degree of nigrostriatal damage produced by a defined MPTP regimen differs between strains of mice (Giovanni et al., 1991; German et al., 1996) . This is further supported by examinations of F 1 cross-breedings of inbred mice (Hamre et al., 1999; Sedelis et al., 2000a) . Numerous experiments have been undertaken to examine separately the potential influence of single factors such as (neuro)melanin, ␣-synuclein, and MAO-B, yet no candidate mechanism has been identified unequivocally so far (Hofele et al., 2001; Rathke-Hartlieb et al., 2001) .
Quantitative trait loci (QTL) analysis is a genome screen method that has been a powerful tool in neuroscience research, allowing identification of chromosomal regions involved, e.g., in alcohol and drug sensitivity (Crabbe et al., 1999) or seizure response to epileptogenic compounds (Ferraro et al., 1997) , thereby setting the stage for the search for the underlying genes. In the present study, a QTL design was used that aimed to identify loci related to MPTP neurotoxicity. We produced an F 2 intercross from C57BL/6 and BALB/c, i.e., two inbred strains that differ in their susceptibility to MPTP (Sedelis et al., 2000b) . F 2 animals were treated with MPTP, phenotyped by neurochemical examination of their neostriatal DA levels, which are highly sensitive markers for nigrostriatal damage (Schwarting and Huston, 1996b) , and genotyped to allow for QTL analysis. The results of this approach might help to generate new insights into the specific genetic mechanisms involved in MPTP neurotoxicity in the mouse and in neurodegeneration in PD.
Materials and Methods
Animals. Male and female (C57BL/6 ϫ BALB/c)F 2 hybrids were bred at the Tierversuchsanlage of the University of Düsseldorf, Germany. The C57BL/6J and BALB/cJ founder animals were originally obtained from RCC (Itingen, Switzerland). The mating crosses used to generate the F 1 and F 2 animals were reciprocal. Thus, the Y chromosome (Chr.) is equally represented from C57BL/6J and BALB/cJ strains. During the experiment, mice were housed singly in plastic cages under a 12 hr light/ dark cycle at an ambient temperature of 25 Ϯ 2°C and had ad libitum access to food and water.
Treatment. MPTP solution was prepared by dissolving MPTP-HCl (RBI, Köln, Germany) in saline. The animals received four injections of MPTP-HCl solution, which was injected intraperitoneally in a volume of 1 ml/100 gm body weight, equivalent to 12.5 mg/kg free base per injection; the interval between injections was 2 hr. (C57BL/6 ϫ BALB/c)F 2 controls received four injections with vehicle (saline), respectively. The age at which animals were treated was held constant in a range of 8 -10 weeks for all animals used in this experiments.
Neurochemistry. Seven days after drug treatment, the animals were killed by cervical dislocation. The brains were cut coronally using a rodent brain matrix (ASI Instruments, Warren, PA), and slices of 1 mm thickness anterior to the chiasma opticum were obtained. Tissue from the neostriatum was then quickly dissected out manually from these slices. Dissection was performed on an ice-cold plate, using a standard mouse brain atlas as a reference (Franklin and Paxinos, 1997) . Anatomical landmarks for the identification of the borders of the neostriatum were the lateral ventricle, the external capsule, and the anterior commissure. The respective samples from the left and right hemispheres were pooled to one sample per animal that was weighed, sonicated, centrifuged, filtered, and examined for its contents of DA using HPLC with electrochemical detection according to the method of Schwarting and Huston (1987) .
DNA isolation. Mouse tail tissue, weighing 4 -6 mg, was placed in 300 l of cell lysis buffer (Puregene, Gentra Systems, Minneapolis, MN), and 1.5 l of proteinase K solution (20 mg/ml) was added after overnight incubation at 45°C. RNA was removed by adding 1.5 l of RNase solution (Roche) (0.5 mg/ml) to the cell lysate, after incubation at 37°C for 45 min. Protein precipitation was achieved by addition of 100 l of protein precipitation solution (Puregene, Gentra Systems) and subsequent centrifugation at 14,000 ϫ g for 5 min. DNA was precipitated by pouring the supernatant into a fresh tube containing 300 l of 2-propanol. After 15 sec centrifugation was performed to make DNA adhere to the bottom, supernatant was poured off and 300 l of ethanol (70%) was added to wash the DNA pellet. After 15 sec centrifugation, the tube was drained and the pellet allowed to dry for 2 hr. Thereafter, 300 l of TE' buffer was added, and DNA was rehydrated overnight at 45°C and then stored at 4°C until genotyping.
Genotyping. The genotyping method of Buck et al. (1997) was used, using microsatellite markers from the MIT set (Research Genetics, Huntsville, AL). In short, the signal was amplified in a standard 40 cycle PCR reaction using AmpliTAQ Gold (Roche) as polymerase. The PCR products were subsequently separated by running them on agarose gels (4%) at 180 V for 45-150 min, depending on the marker. Ethidium bromide staining allowed visualization of the bands under UV light. Bands were imaged in a fluorescence scanner using QuantityOne Software (Bio-Rad), printed, and identified manually by comparing them with C57BL/6, BALB/c, and C57BL/6 ϩ BALB/c heterozygous control bands.
QTL analysis. QTL detection was performed in two steps. First, from a total of n ϭ 311 animals that survived MPTP treatment, the animals with the most extreme phenotypes were selected (i.e., the animals in the first and tenth decile of the DA depletion distribution, separately for each gender). This subsample of mice (n ϭ 62) was genotyped with a total of 68 markers, covering the genome at intervals of ϳ20 centimorgans (cM) as part of step 1. The MapManager software (Macintosh version b28) (Manly and Olson, 1999 ) was used to detect QTLs. LOD scores (df ϭ 2) were estimated as Ϫlog 10 (p). A permutation test (Churchill and Doerge, 1994) implemented within MapManager was used to estimate the empirical significance and suggestive thresholds for this genome-wide search, in which the significance threshold denotes acceptance of a 5% chance of even one false positive, whereas the suggestive threshold denotes an average of one false positive in a full genome search. The threshold for significance was p ϭ 0.0003 (LOD 3.5), and for suggestive it was p ϭ 0.008 (LOD 2.1) on the basis of 10,000 permutations.
In addition, the error check routine in Mapmaker/QTL (Lincoln and Lander, 1992 ) was used to screen the data set for potential occurrence of erroneous genotyping, and interval mapping was performed by the linear least squares method of Haley and Knott (1992) using MapManager QT.
The first step data were also analyzed for QTLs and for interactions (epistasis) using the Pseudomarker 0.9 PAIRSCAN program written for the MATLAB (Mathworks Inc., Natick, MA) programming environment (Sen and Churchill, 2001 ) (obtained from http://www.jax.org/ research/churchill) using default settings except where noted otherwise. This program uses Monte Carlo computer sampling to estimate the most likely values of unknown parameters (QTL genotypes, locations, missing data) using Bayesian methods. Sixty-four imputations (samplings) of unknown genotypes based on the observed marker data were made at 5 cM intervals, which approximate interval mapping at this resolution. The PAIRSCAN program assessed the phenotypic effects of pairs of marker (or intervals) taken jointly, which allows a genome-wide search for epistasis, or gene-gene interactions, as described below.
For tests of epistasis, we required that the combined (or full model) effects of a marker pair, which reflect the main effects of both markers plus their interaction, exceed the threshold for significance (5% genomewide error rate) estimated by a permutation test performed using the Pseudomarker PAIRSCAN program. In this study the threshold was set at LOD 7.3 (df ϭ 8; p ϭ 5 ϫ 10 Ϫ5 ) on the basis of 500 permutations. When the combined effects of a marker pair were significant, we then tested for their interaction at a significance threshold of p Ͻ 0.01 (Sen and Churchill, 2001 ). This approach represents a conditional search for epistasis (Chase et al., 1997) because only marker pairs attaining significance for their joint effects on a trait (the condition) are tested for possible interactions. The main protection against false-positive interactions rests on the stringent criterion set for the combined or joint effects of marker pairs (which includes their interaction), which markedly reduces the number of locus pairs tested directly for interactions alone (only two pairs in this study). This is in contrast to an unconditional search for epistasis, in which all mathematically possible pairs of loci are tested for interactions (ϳ3000 marker pairs). Only an unconditional search can detect interactions between markers, neither of which has appreciable main effects on the phenotype; however, an unconditional search was not used here because it greatly increases the rate of false positives to the point at which little power to detect interactions remains with our limited sample size (Hood et al., 2001) .
In a second step, all remaining MPTP-treated animals (i.e., those with a nonextreme phenotype) were genotyped with those markers that attained p Ͻ 0.05 in the first step on the basis of MapManager QT results. For this second step, the p value was set to 0.0002 on the basis of permutation tests run as described for the first step. This procedure was chosen to address the problem of type I error (identification of a false QTL) versus type II error (failure to detect an actual QTL) (Belknap et al., 1996) .
Consensus standards for assessing the significance of gender-specific QTLs do not exist. We therefore used a Bonferroni correction to correct for the nine QTL regions (see Table 2 ) that we subjected to QTL analysis by gender. This yields a threshold of p ϭ 0.05/9 ϭ 0.005 (two-tailed) for the gender difference. Therefore, gender specificity of QTLs was judged to be significant when the ratio of p values per gender differed by at least 2.3 orders of magnitude. This corresponds to p Ͻ 0.005 or LOD 2.3 for the gender difference.
Results

Lethality
Male (n ϭ 179) and female (n ϭ 193) (C57BL/6 ϫ BALB/c)F 2 hybrids were treated with MPTP. A number of animals treated with MPTP did not survive after the application of the neurotoxin. This MPTP-related lethality was strictly gender dependent, because the mortality rate was 31.6% in females (n ϭ 61) but 0% in males.
Sex differences in phenotype
Seven days after treatment, neostriatal DA levels were determined. This phenotypic marker could be obtained only from those animals that survived the MPTP treatment.
In addition, the mean neostriatal dopamine content of 23 male and 24 female (C57BL/6 ϫ BALB/c)F 2 hybrid mice, which had been treated with saline and thus served as controls for our F 2 cross-breeding, was determined separately for each gender. For each MPTP-treated individual the neostriatal DA depletion was calculated and defined as loss in percentage of mean control levels. (Absolute numbers of DA control levels and their variability are given in the legend of Fig. 1 .)
The phenotype "DA depletion" showed a gender-dependent pattern (Fig. 1) . Male mice were significantly more susceptible to MPTP neurotoxicity than female mice (t test; t ϭ 16.1; df ϭ 309; p Ͻ 0.001).
Simulation: if males had died
To test for the scenario that the lower mean DA depletion in females could be a result of the possibility that just the most affected females, in terms of DA depletion, might have died after MPTP treatment, we simulated a comparable situation in the male subsample. Of males (n ϭ 57) at the upper end of the DA depletion distribution, corresponding to the actual lethality rate in females, 31.6% were excluded from the sample, and the mean DA depletion was calculated again (Fig. 2) . This simulated DA depletion mean is ϳ10% points lower than the actual DA depletion mean for the males, but the gender difference persists, because the mean DA loss is still considerably higher than in females.
Identification of QTL related to MPTP neurotoxicity
In the first step, animals from the bottom and top 10% of the phenotypic distribution were genotyped (males, n ϭ 36; females, n ϭ 26), and a QTL analysis was performed. As documented in Table 1 , nine markers showed p Ͻ 0.05 associations with striatal DA.
Subsequently, in the second step, the remaining animals were genotyped with the set of markers listed in Table 1 . Then the QTL analysis was repeated using the whole sample size of MPTPtreated animals (n ϭ 311) for these markers, and the significance level was set to p ϭ 0.0002. This analysis yielded one chromosomal region that was significantly related to the trait. This site was located on chromosome 15 in the proximity of markers D15Mit68 ( p ϭ 0.000048) and D15Mit100 ( p ϭ 0.00056). A second locus on chromosome 13 (D13Mit91; p ϭ 0.00470) was classified as a suggestive locus according to the Lander and Kruglyak (1995) guidelines.
Because a gender difference in the phenotype was observed, we investigated the possibility that the identified loci might be gender specific. Thus, the QTL analysis was then performed separately for males and females ( Table 2 ). The p values of both genders were compared for each locus. For the locus at D15Mit68, a significant sex difference was revealed, with females having a significantly lower p value (higher LOD scores) than males (Fig. 3) . Figure 1 . Distribution pattern of the phenotype "neostriatal dopamine depletion after MPTP administration." (C57BL/6 ϫ BALB/c)F 2 hybrids were treated with four doses of 15 mg MPTPHCl/g body weight in 2 hr intervals, and neostriatal DA levels were determined postmortem by HPLC, with electrochemical detection 7 d later. Absolute numbers of animals are shown in 10% intervals of DA depletion separately for males (n ϭ 179) and females (n ϭ 132). "Depletion" is defined as dopamine loss in percentage compared with controls. DA depletion was significantly higher in males than in females (t test; t ϭ 16.1; df ϭ 309; p Ͻ 0.001). Saline-treated controls, which are C57BL/6 ϫ BALB/c)F 2 hybrids, had neostriatal dopamine levels of 15.23 Ϯ 0.41 and 15.28 Ϯ 0.40 for males (n ϭ 23) and females (n ϭ 24), respectively (nanograms of DA per milligram of wet tissue weight; means Ϯ SEM).
Remarkably, for both loci at D15Mit68 and D13Mit91, the BALB/c allele was associated with a higher mean DA depletion than the C57BL/6 allele.
Finally, the error check routine of the Mapmaker/QTL software was performed to detect potential genotyping errors. None were found exceeding a LOD score of 2.0. The results of this analysis indicated that no exclusion of data were necessary.
The Pseudomarker PAIRSCAN program identified only one epistatic interaction in our F 2 that met the significance criteria set in Materials and Methods (Figs. 4, 5) . This was an interaction between a QTL on Chr. 9 (ϳ29 cM) and another locus on Chr. 3 (ϳ79 cM) as shown in Figures 4 and 5 . This interaction attained p ϭ 0.0008 for the interaction. A second interaction approached significance involving a locus on Chr. 5 (ϳ65 cM) and another on Chr. 13 (ϳ65 cM), as shown in Figure 5 . This locus pair attained p ϭ 0.0003 for the interaction. Figure 5 also shows all the interactions that attained p Ͻ 0.05 in our PAIRSCAN analysis, although there was sufficient power in our limited sample to detect only one of them as significant, as noted above. For plotting purposes, we used a 2.5 cM resolution for Figure 5 .
Discussion
Treatment of (C57BL/6 ϫ BALB/c)F 2 mice with the neurotoxin MPTP resulted in a depletion of DA in the neostriatum, as described previously for other strains of mice (Sundström et al., 1987; Hoskins and Davis, 1989; Giovanni et al., 1991) . In our genetically heterogeneous sample, we observed considerable variance for this phenotype, i.e., the actual amount of DA loss varied within the F 2 , with some animals showing only minimal loss, whereas others were severely affected. Furthermore, a gender difference was found in that males showed a much higher DA loss than females. Surprisingly, we did not find such gender differences in the founding strains C57BL/6 or BALB/c (Sedelis et al., 2000b ), but we did find some differences in their F 1 generation (Sedelis et al., 2000a) . It is known that the estrogen hormone can provide some protection from DA depletion in the MPTP Figure 2 . Simulation: neostriatal DA depletion outcome if males severely affected by MPTP had died (in percentage loss of control values; means Ϯ SEM). The black column indicates the actually observed DA depletion after MPTP treatment in the male (C57BL/6 ϫ BALB/c)F 2 hybrid mice; the white column indicates the respective mean for the females. A total of 192 females was treated with MPTP, but only 132 of them survived treatment. The DA depletion of the deceased females (n ϭ 61 or 31.6%) could not be determined. None of the males had died. The gray column reflects the simulated outcome if the 31.6% most affected males of our sample would have died as a consequence of MPTP treatment. Note that even after the simulated death of 57 male mice the gender difference is ϳ30% points. From a total of n ϭ 311 (C57BL/6 ϫ BALB/c)F 2 hybrids that had been phenotyped for neostriatal DA depletion after MPTP administration (4ϫ 15 mg MPTP-HCl/kg body weight), those 10% of animals at each extreme of the phenotypic distribution were chosen. Subsequent genotyping of those animals was performed with PCR using a set of 68 MIT microsatellite markers. The table lists only those associations of the MIT markers with the phenotype attaining p Ͻ 0.05. Calculations were done using MapManager QT Software (Manly and Olson, 1999 132, 365, 294, 150, 155; Chr. 2: 58, 498, 230; Chr. 3: 216, 65, 147; Chr. 4: 53, 203, 343; Chr. 5: 13, 58, 136, 168; Chr. 6: 245, 230, 194; Chr. 7: 229, 62, 68; Chr. 8: 145, 320, 156; Chr. 9: 247, 4, 273, 18; Chr. 10: 77, 126, 42, 179; Chr. 11: 78, 174, 41, 338; Chr. 12: 63, 7, 150; Chr. 13: 3, 91, 233, 228; Chr. 14: 121, 69, 266; Chr. 15: 226, 100, 68; Chr. 16: 9, 57, 173, 106; Chr. 17: 198, 193, 221; Chr. 18: 14, 184; Chr. 19: 28, 46, 6; Chr. X: 114, 144, 67. This table lists associations between the phenotype and those MIT markers, which were significant at p Ͻ 0.0002 in a previous QTL analysis applied to the entire sample of n ϭ 311 mice (see Results). QTL analyses were here performed separately for males (n ϭ 179) and females (n ϭ 132). A difference between genders was considered significant if the ratio of p values per gender differed by at least 2.3 orders of magnitude, equivalent to p Ͻ 0.005 for the gender difference. Figure 3 . The negative logarithm of the p value (LOD score) plotted against map location (cM) along the length of proximal to mid chromosome 15 (Chrom. 15) for both females and males. Numbers along the bottom of the plot are marker numbers, e.g., Ϫ226 denotes the map location of D15Mit226. Data are from step 1 involving the extreme scoring tails of the trait distribution because more markers were used than in step 2. A highly significant gender difference is apparent from the 3.7 orders of magnitude difference in p values observed between the two genders.
mouse model (Dluzen et al., 1996; Arvin et al., 2000) . If this explanation applied to the gender difference found in the present study, however, it would remain unclear why females in our parental generation could not benefit from this protection. In addition to the neurotoxic effects, our regimen of MPTP caused lethality in a number of females, whereas this phenomenon was virtually absent in males. From pathological examinations in several deceased animals (data not shown) we concluded that a potential cause of death might have been a pulmonary perivascular edema, which can be observed after MPTP treatment (Johannes- , 1986) . Because estrogen is known to promote formation of edemas (Hadley, 1996) , it is tempting to speculate that the lethality in females might be linked to their higher estrogen levels. It could be argued that the females' lethality in our study might have selectively affected the most DA-depleted individuals, the striatal DA levels of which could not be determined. Simulating a comparable situation in the male sample only slightly lowered the mean DA loss, however, thereby suggesting that the gender difference is most probably caused by factors other than lethality.
For a QTL approach, the choice of an appropriate phenotype is critical. From a number of possible variables, we considered a neurochemical measure, neostriatal DA depletion, to be the most useful parameter of dysfunction of the nigrostriatal system, which is sensitive in a broad range from minimal to massive neuronal damage. The sensitivity is reflected in the fact that some degree of DA loss could be observed in most of our animals. In contrast, a loss of nigral DA neurons occurs only in severely affected animals (German et al., 1996) and thus is less useful to cover the full spectrum of the actions of MPTP on the nigrostriatal system. The same limitation applies to behavioral measures; mice seem to have highly effective compensatory mechanisms, preventing longer-lasting symptoms below DA losses of at least 80% ). It could be argued that a higher MPTP regimen should have been applied to obtain a more pronounced neurotoxic effect; however, lethality is a severely limiting factor at only moderately higher MPTP doses in the parental strains (Schwarting et al., 1999) , so that the dose used in our study reflects a compromise between acceptable survival rates and considerable neurotoxic effects.
Performing QTL analysis in a two-step approach while pooling data from males and females yielded two loci on separate chromosomes, suggestive of an involvement in susceptibility to MPTP neurotoxicity. The first region of interest was located on chromosome 15 at marker D15Mit68. Interval mapping including D15Mit100 did not narrow the position of the contributing gene. When the data for males and females were calculated separately, the p value for females was significantly lower (LOD score was higher) compared with that of the males. Thus, this locus is gender specific, which means that it contributes to the phenomenon of MPTP susceptibility to a markedly different degree in males and females. Possibly, these results indicate the existence of a protective gene at this locus that is of higher benefit for females than for males. Interestingly, the Mouse Genome Database (MGD) (The Jackson Laboratory, Bar Harbor, ME; http://www. jax.org) lists several QTL in the region of D15Mit68 that are related to dopamine receptor binding, cocaine-related behaviors, and, most interestingly, neostriatal DAT densities (Jones et al., 1999) . This transporter plays a crucial role in MPTP neurotoxicity because it provides a carrier mechanism for the active toxic metabolite of MPTP, MPP ϩ , into dopaminergic cells. It was found that DAT mRNA levels were high in those midbrain neurons vulnerable to MPTP (Sanghera et al., 1997) and that the absence of DAT virtually abolished MPTP neurotoxicity in DAT knock-out mice (Gainetdinov et al., 1997) . A hypothetical regulative mechanism on chromosome 15 for DAT densities could therefore influence the ability of MPP ϩ and similar neurotoxins to specifically enter dopaminergic neurons.
Furthermore, the gene for heat shock factor 1 (hsf1), a transcription factor for heat shock proteins, has been mapped to 43.0 cM on chromosome 15. There is experimental evidence that at least one of these proteins, HSP72, can exert a neuroprotective effect in the MPTP mouse model (Freyaldenhoven et al., 1995 ; 3. An interaction is demonstrated by the fact that the phenotypic effect of the Chr. 9 QTL reverses direction as a function of the Chr. 3 modifier locus genotype at D3Mit147. Neither locus had a significant main effect in the MapManager analysis, which does not assess interactions, but emerged as significant only in the PAIRSCAN analysis mainly because of the strength of the interaction shown above ( p ϭ 0.0008).
Figure 5. Two-dimensional plot of PAIRSCAN results for the nine chromosomes of greatest interest using a 2.5 cM grid. These chromosomes were chosen for display either because they contained a significant or suggestive QTL or because they were involved in an interaction attaining p Ͻ 0.01. The bottom half shows the LOD scores for the full model (df ϭ 8) for marker pairs, which includes the main effects of each marker plus their interaction, whereas the top half shows LOD scores for the interaction alone (df ϭ 4). Areas in white failed to reach p Ͻ 0.05 (LOD 3.4, bottom plot; LOD 2.1, top plot), whereas those exceeding this relaxed criterion are shaded from gray to black as a function of the LOD score scale shown at right. For visual clarity, the LOD scores in the top half were increased by 1.64-fold. Although all interactions attaining p Ͻ 0.05 are shown, only one attained significance (Chr. 3 ϫ 9) and another closely approached significance (Chr. 5 ϫ 13). Both are denoted by arrows. The 5% genome-wide significance thresholds estimated by permutation tests were LOD 7.4 ( p ϭ 4 ϫ 10 Ϫ5 ) in the bottom plot and 4.6 ( p ϭ 3 ϫ 10 Ϫ4 ) in the top one.
Freyaldenhoven and Ali, 1997). It can be speculated that the transcriptional regulation of heat shock proteins might contribute to protection from MPTP-induced neurodegeneration. On chromosome 13, a locus not reaching significance and therefore classified as "suggestive" was located in the region between marker D13Mit91 and D13Mit233. Three genes in this part of the genome are of particular interest. First, the dopamine receptor D1a gene was found in the putative region; the role of dopamine receptors in compensation of neostriatal DA loss has been well documented (Schwarting and Huston, 1996a,b) ; in contrast, information about a possible involvement in the control of the neurodegenerative process itself in the MPTP model is scarce. Results from a human association study do not support the idea of such a function at least for the DA receptors DRD2 and DRD4 (Nicholl et al., 1999) .
Second, the Ntrk2 gene, encoding a receptor for the brainderived neurotrophic factor (BDNF), is located at position 36.0 cM (MGD). The internal levels of BDNF are supposed to mediate, at least partly, the differential vulnerabilities to MPTP of the mesolimbic and nigrostriatal systems, and external application of BDNF acts as a neuroprotective agent against MPP ϩ in vivo and in vitro (Hung and Lee, 1996; Son et al., 1999 ). An approach somewhat complementary to our study was used in a recent study. There, differential gene expression analysis in brain tissue of MPTP-treated mice revealed, among other changes, the upregulation of two other growth factors, glia cell line-derived neurotrophic factor and nerve growth factor ␣-subunit (Grünblatt et al., 2001) , further supporting the possibility of an involvement of such factors in MPTP susceptibility.
Third, the gene encoding the membrane DAT maps to 41.0 cM. Considering these results, and the potential association of the DAT density QTL on chromosome 15 with the MPTP phenotype in our study, it would be highly interesting to compare DAT functions and polymorphisms in strains of mice known to differ in MPTP susceptibility. In this context, it is exciting that certain amino acid exchanges in the rat DAT gene have been shown in vitro to alter the affinity of the DAT to MPP ϩ or its uptake velocity, respectively (Mitsuhata et al., 1998) . Furthermore, it has been speculated recently to what extent dopamine transporters play a role in human Parkinson's disease (Uhl, 1998; Miller et al., 1999) ; however, the human association study mentioned above could not establish a significant link between DAT polymorphisms and PD (Nicholl et al., 1999) . Surprisingly, for both the chromosome 15 QTL and the putative chromosome 13 locus, the BALB/c alleles were associated with higher striatal DA depletion, although BALB/c is the more MPTP-resistant parental strain. Assuming a polygenetic influence on MPTP susceptibility, however, it is likely that each of the parental strains carries alleles that enhance and reduce MPTP susceptibility (or, depending on the mechanism, MPTP resistance). Such an assumption would be in line with both our previous findings of a decreased MPTP susceptibility in our F 1 generation as compared with the parental generation (Sedelis et al., 2000a) and apparently contradictory findings of a C57BL/6 MPTP susceptibility locus acting in a dominant manner (Hamre et al., 1999) . Furthermore, in the present study, analysis of gene interaction demonstrated that the influence of one QTL (marker D9Mit4) on nigrostriatal DA depletion can depend critically on the genotypic configuration at a second locus (D3Mit147); interestingly, the former locus is in close vicinity to the dopamine receptor 2 gene Drd2.
Summing up, our findings support the assumption of a polygenic influence on the effects of MPTP on nigrostriatal neurochemistry. More detailed examination of the identified loci on chromosomes 13 and 15 will be necessary, e.g., by further testing promising candidate mechanisms, such as dopamine transporter functions, in separate experiments. It remains to be determined whether and to what extent genetic mechanisms of susceptibility of the nigrostriatal system identified in the MPTP mouse model might also apply to the neurodegenerative processes found in idiopathic Parkinson's disease.
